Background: This study was conducted to assess associations of pleural plaques (PP) and longitudinal lung function in vermiculite miners of Libby, Montana who are occupationally exposed to asbestos. High-resolution computed tomography (HRCT) was used to identify asbestos-related findings in former Libby vermiculite miners. We investigated annual lung function decline in miners with PP only and compared them to miners with normal HRCT findings.
INTRODUCTION
P leural plaques (PP) are the most common noncancerous finding in workers exposed to asbestos. 1 PP are sharply circumscribed, rounded, smooth white nodules composed of bands of interwoven collagen. They normally occur along the posterior parietal pleura but can also be distributed along the surfaces of the diaphragm and pericardium. 2 Single plaques may be present, but bilateral plaques are more common. 1, 3, 4 PP may enlarge and become calcified over time. A 20-year latent period usually exists between the time of first asbestos exposure and PP development. 1 However, a recent retrospective review observed that vermiculite miners from Libby, Montana displayed subtle pleural abnormalities within a shorter latency period (mean ¼ 8.6 years; range: 1.4-14.7 years). 5 PP are usually detected incidentally through chest radiography, conventional computed tomography (CT) or high-resolution computed tomography (HRCT). 3 Chest radiographies may display high diagnostic sensitivity for the detection of PP ($ 96%), but positive predictive value is low (56-79%), as subpleural fat deposits are commonly misinterpreted as PP. 6 HRCT provides both high sensitivity and positive predictive value (96% and 100%, respectively). 6 Therefore, HRCT is most useful for eliminating false-positive diagnoses of PP, such as those caused by subpleural fat deposits. 6 In 2004, an American Thoracic Society (ATS) document recognized PP as definitive markers of asbestos exposure, but concluded that they were not associated with significant loss in lung function. 1 The document noted that some studies reported an approximately 5% reduction in forced vital capacity (FVC) or mildly diminished diffusion capacity among individuals with PP, but that most individuals maintained well preserved lung function. Furthermore, the document stated that recent longitudinal studies did not observe accelerated decline in those with PP only. 1 Nevertheless, the effects of PP on lung function remain controversial. Two recently published systematic reviews arrived at opposite conclusions regarding the effects of PP on lung function. 7, 8 Both agreed that well-designed studies using longitudinal data were superior to cross-sectional studies. However, only 3 HRCT-based longitudinal studies were included in the systematic reviews. [9] [10] [11] Copyright Published by Elsevier Inc. on behalf of Southern Society for Clinical Investigation This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). www.amjmedsci.com www.ssciweb.org
Here, we perform a retrospective longitudinal analysis from serial pulmonary function test (PFT) records of miners who were occupationally exposed to Libby amphibole asbestos (LAA). The vermiculite mine was located 6 miles northeast of Libby, Montana. Libby is a town of approximately 2,600 people, located 40 miles south of the Canadian border and 20 miles east of the Idaho panhandle. In 1963, W.R. Grace & Company purchased the mine. The vermiculite was found to be contaminated with LAA, and in 1990 the mine was closed. LAA is composed of winchite (80%), richterite (12%), tremolite (6%) and other asbestiform minerals (2%). 12 In 2014, we published a cross-sectional analysis from this cohort. In it, we found no significant differences in mean lung function for miners with PP only when compared to miners with normal HRCT. 13 For the current analysis, our primary goal is to investigate longitudinal lung function decline among LAA-exposed miners with PP only, when compared to miners with LAA exposure but normal HRCT scans. We also investigated longitudinal decline based on severity of plaque formation. Preliminary results of this study have been previously reported as a conference abstract. 14 
METHODS

Study Population
All miner medical records were de-identified prior to investigation. The University of South Carolina Institutional Review Board approved the study protocol (ID#:Pro00020158) prior to medical record examination.
Analysis was conducted from a convenience sample of former Libby vermiculite miners who applied or were enrolled in the Libby Medical Program (LMP) between April 2000 and September 2012. This program was established for W.R. Grace & Company employees, their household contacts, and residents of Libby, with identified asbestos-related abnormalities. We examined the medical records from miners who were occupationally exposed to LAA, and thus, had higher exposure than those with household or environmental exposures.
15,16
Inclusion Criteria
To be included in this analysis, miners underwent 1 HRCT scan that had been peer reviewed by a boardcertified university-based thoracic radiologist. At least 2 serial PFTs inclusive of spirometry, lung volumes via plethysmography, and carbon monoxide lung diffusion capacity (DLCO) were also needed. A minimal 3-year follow-up was required between each miners' first and last PFT. Furthermore, at least 1 PFT needed to be performed within 3 years of the HRCT.
HRCT Peer Review
The LMP received 2 independent readings of the HRCTs that were done locally in Libby. When disagreement occurred between the readers, the HRCT scans were sent for independent peer review to resolve the differences.
HRCT Classification
HRCT results were used for miner group assignment. Miners were assigned to 1 of the following 4 groups: normal CT scan (NCTS), pleural plaques only (PPO), pleural plaques and interstitial fibrosis (PPIF) or other CT abnormalities (OCTA). The OCTA group contained miners with rounded atelectasis, diffuse pleural thickening, pleural effusions, or pulmonary nodules or tumors 41 cm in diameter. Diffuse pleural thickening was considered to be distinctly different from PP and defined as homogenous pleural thickening extending along the lateral chest wall over multiple rib interspaces and included "blunting" of the corresponding costophrenic angle. 17 For PPO miners, the severity of PP was divided into the following 3 categories: (1) mild (single, unilateral or sparsely distributed plaques), (2) moderate (bilateral plaques) and (3) extensive (bilateral, calcified and widely distributed plaques).
Pulmonary Function
PFTs were performed between January 1988 and September 2012, in accordance with the American Thoracic Society (ATS)/European Respiratory Society guidelines. [18] [19] [20] Outcome variables examined were as follows: FVC (FVC percent predicted), forced expiratory volume in 1 second (FEV 1 percent predicted), total lung capacity (TLC percent predicted) and DLCO (DLCO percent predicted). Percent predicted values were determined using ATS suggested or validated reference equations.
21-25
Statistical Analysis
Repeated measures regression analysis was performed to determine intercept and slope differences between HRCT groups using random intercept and slope linear mixed models (LMM). 26, 27 PPO, PPIF and OCTA miner groups were compared to NCTS miners. Age was nested within each miner group for slope analyses and centered at 40 years. Inferences were made based on the estimated slope between 40 and 80 years. Fixed effects considered were smoking status at the time of initial follow-up (heavy Z15 pack-years; mild o15 pack-years and never smoker), body mass index (BMI), time since first occupational asbestos exposure to HRCT (years) and years of employment. For the PPO group, we also performed a random coefficients analysis to identify plaque severity association with decline in lung function. We considered statistical significance to be at α r 0.05 for fixed effects and α r 0.10 for interaction terms. Manuscript statistical procedures and results were also independently, professionally reviewed before submission (Analysis Factor,
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Pearson correlations were determined for the predictor variables before their inclusion into regression models (data not shown). Additionally, for each outcome parameter, an alternative random resampling with replacement was performed to increase the size of the NCTS reference group. We sought to artificially increase each models' ability to detect potential miner group differences by increasing the sample size of the NCTS control group. Results from the original random coefficient models were then compared to their respective bootstrap models.
RESULTS
Between January 1988 and September 2012, 179 Libby vermiculite miners underwent HRCT (Figure 1 ). Most of them (n ¼ 152) performed at least 2 complete PFTs. However, only 128 (71.5%) performed their first and last PFT at least 3 years apart. On average, miners performed 6 PFTs (total ¼ 767 PFTs) during an average 7.1 year follow-up period (Table 1 ). More than 92% of miners (n ¼ 118) performed at least 3 PFTs (data not shown).
All miners were adult, white, males, whose average age at first PFT was 56.7 years (Table 1) . Mean latency period between first LAA occupational exposure and HRCT was 37.1 years (range: 19.6-62.2 years). Mean employment tenure was 6.7 years (range: 3 days-32.3 years) ( Table 1 ). More than 67% (n ¼ 86) were either current or former smokers with an average pack-year history of 30.5 years at first PFT (Table 1) . Average BMI was 29.7 kg/m 2 , with 47% (n ¼ 60) being obese (i.e., Z 30 kg/m 2 ) at the start of the follow-up (Table 1) . HRCT group classification yielded 72 PPO (56.2%), 26 PPIF (20.3%), 21 OCTA (16.4%) and 9 NCTS miners (7.0%) ( Table 1) . Statistically significant group differences were seen for mean age (P o 0.001) and latency period (P ¼ 0.05) at first PFT (data not shown). On average, PPO group miners were the youngest, and OCTA group miners the oldest (P ¼ 0.001). OCTA miners also had the longest latency period since first LAA exposure and were employed longer than other groups (Table 1) .
LMM identified both intercept and slope differences when evaluating PFTs for the various miner groups compared to the NCTS group. At intercept, PPO group percent predicted estimates were slightly lower than the NCTS miner group, but these differences were not statistically significant (Table 2 ). In addition, at 60 and 80 years, PPIF miners exhibited mean DLCO percent predicted levels statistically lower than NCTS miners ( Table 2 ). OCTA miner FEV 1 , FVC and DLCO percent predicted estimates were significantly lower at 60 and 80 years when compared to the NCTS miner group (Table 2) . Overall, OCTA miners had the greatest reduction in unadjusted mean FEV 1 , FVC and TLC percent predicted from 40-80 years of age (Table 2) .
No significant differences were observed in the annual rate of decline for FEV 1 , FVC, DLCO or TLC between PPO miners and NCTS miners between 40 and 80 years (Table 3 and Figure 2 ). Nor were there any significant outcome differences between the original and bootstrapped models for each outcome measure (data not shown). We did observe a significant accelerated rate of annual decline in OCTA miners when compared to NCTS miners ( Figure 2 and Table 3 ) for both DLCO and FEV 1 . On average, the OCTA group experienced over a 1% per year greater reduction in FEV 1 percent predicted when compared to NCTS miners (P ¼ 0.05, Table 3 ). Accelerated annual declines were also seen in DLCO for the OCTA group when compared to NCTS miners (À2.1% versus À0.7% per year, P o 0.01) ( Table 3 and Figure 2 ).
Other factors also independently contributed to changes in lung function within the miner groups. Smoking status affected both FEV 1 and DLCO percent predicted values. Heavy smokers had, on average, FEV 1 percent predicted value 10% lower than nonsmokers. Heavy smokers also had an average DLCO percent predicted value 12% lower than nonsmokers (Table 3 , P o 0.001). BMI significantly contributed to average reductions in FEV 1 and FVC (P o 0.01 and P o 0.01, respectively). On average, the longer the time between first occupational asbestos exposure and first PFT, the greater their DLCO and TLC percent predicted values (Table 3 ). For each model, much of the variance was explained by the predictor variables as R 2 ¼ 0.87, 0.71, 0.84 and 0.77 for FEV 1 , DLCO, FVC and TLC, respectively (Table 3) . 
PPO Group Plaque Severity
Within the PPO miner group (n ¼ 72), LMM analysis revealed that plaque severity alone did not significantly contribute to lung function changes over time (Table 4) . Here, 11 miners had extensive (15%), 44 had moderate (61%) and 17 had minimal (24%) PP as determined by 1 of 3 board-certified thoracic radiologists (Table 4) .
At baseline, 58% of PPO miners reported being current or former smokers (Table 4) . PPO miners with a history of smoking showed steeper annual DLCO percent predicted declines when compared to nonsmoking PPO miners (À0.6% per year greater, P ¼ 0.06, Table 4 ). In addition, extensive plaque severity further reduced FEV 1 percent predicted and DLCO percent predicted levels when miners were smokers (P ¼ 0.07 and P ¼ 0.05, respectively). On average, PPO smokers with extensive plaques had mean DLCO percent predicted values 21% lower (P ¼ 0.04) and FEV 1 percent predicted values 26% lower than nonsmoking PPO miners with minimal plaque formation (P ¼ 0.07, Table 4 ). Smokers with moderate plaque formation had mean DLCO percent predicted values 16% lower than nonsmoking PPO miners with minimal plaque formation (P ¼ 0.05, Table 4 ). BMI also independently contributed to reductions in FEV 1 , FVC and TLC percent predicted outcomes within the PPO group (Table 4) .
DISCUSSION
Our analysis suggested that PP alone did not significantly affect lung function decline in the Libby vermiculite miner cohort. Specifically, mean FEV 1 , FVC, DLCO and TLC percent predicted estimates and rates of decline were not statistically different between PPO and NCTS miner groups. Yet, the OCTA group did show significantly steeper annual decline for FEV 1 and DLCO percent predicted values when compared to NCTS miners (Table 3 and Figure 1 ). Confidence intervals were also much wider for the OCTA group than were PPO group confidence intervals (Table 3) . Thus, we believe that our analyses had the ability to detect statistically significant differences in lung function between PPO and NCTS miner groups.
Recent systematic reviews suggest that longitudinal rather than cross-sectional studies are preferred when assessing the effect of PP on lung function. 7, 8 Here, we performed a repeated measures analysis using LMM procedures. LMM is a powerful tool for modeling dependent data. It employs the use of a cohortspecific covariance structure to help reduce standard error and test statistic bias. 26, 27 In LMM, missing or unbalanced data do not necessitate case deletion the way conventional, general linear regression (GLM) analysis does. 26 Also, the restricted maximum likelihood In another recent study, Ohio factory workers exposed to asbestos via a fertilizer expanding process were evaluated in an effort to determine associations between the presence of PP and reduction in lung function. 17 Lockey et al 17 used HRCT or CT imaging and simple spirometry to clinically evaluate these workers. They compared workers with PP only to workers with normal HRCT using conventional GLM statistical procedures. Of the 191 factory workers with known commercial asbestos exposure, 61 had PP only and 65 had normal HRCT or CT (n ¼ 126). Furthermore, 103 of these participants reported exposure to only the LAA contained within the fertilizer expanding process (n ¼ 46 with PP only; and n ¼ 57 with normal HRCT). Here, mean FEV 1 and FVC percent predicted estimates were slightly reduced when compared to workers with normal HRCT (À3.3 and À5.4, respectively), but these findings were not statistically significant (P 4 0.05). Only when they included workers with "other" known commercial asbestos exposure (n ¼ 23), did factory workers exhibit a statistically significant reduction in mean FVC percent predicted (À6.1%, P o 0.05) spirometry. 17 Zu et al 28 recently analyzed this same data using multivariate and logistical regression analysis. They did not detect statistical differences in lung function between workers with normal HRCT and those with only PP. In our study, participants underwent complete PFT to assess both FVC and TLC percent predicted measures in "actual" Libby vermiculite miners. Our absolute percent predicted value differences were similar to those found in the Ohio factory worker cohort. 17 However, unlike the Ohio worker study, we did not find statistically significant differences in lung function for miners with PP only when compared to LAA miners with normal HRCT. Owing to the fact that we used full PFTs inclusive of DLCO, and advanced statistical methodology, we believe our conclusions are more robust.
Few longitudinal studies have been performed that specifically investigate the effect of PP on lung function in asbestos-exposed cohorts. To our knowledge, only 4 longitudinal studies have been performed using chest Bold text indicates significant values. FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; TLC, total lung capacity; DLCO, carbon monoxide lung diffusion capacity; NCTS, normal computed tomography scan; PFT, pulmonary function test; BMI, body mass index; LAA, Libby amphibole asbestos; NHANESIII, The Third National Health and Nutrition Examination Survey; PPO, pleural plaques only; PPIF, pleural plaques and interstitial fibrosis; OCTA, other computed tomography abnormalities; LS, least square; SE, standard error of the mean; ARPD, asbestos related pleural disease; SSE, sum of squares errors of prediction. * Fixed effect: statistically significant at α r 0.05. ** Interaction: Statistically significant at α r 0.10. a PPO, pleural plaques only (n ¼ 72); PPIF, pleural plaques with interstitial fibrosis (n ¼ 26); OCTA, other CT abnormalities (n ¼ 21); NCTS, normal CT scan (n ¼ 9).
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THE AMERICAN JOURNAL OF THE MEDICAL SCIENCES VOLUME 353 NUMBER 6 June 2017 X-rays to identify PP with PFT data. [29] [30] [31] [32] In a Swedish study of asbestos cement workers (n = 75), years of fiber exposure, age and smoking led to a statistically significant loss in lung function. However, PPs alone were not associated with lung function deficits. 29 In a Canadian study of copper refinery workers (n ¼ 494), smoking and BMI significantly affected lung function but PP did not. 30 In a study involving New England sheet metal workers (n ¼ 122), smoking, years of asbestos exposure and past shipyard work contributed to loss of lung function but PP alone did not. 31 Only a Greek study that investigated a population who were environmentally exposed to asbestos found increasing PP surface area to be significantly correlated with loss in TLC over a 15-year follow-up. 32 In that study, sample sizes were small (n ¼ 18), and no adjustment was made for smoking or BMI within the regression models. 32 We are aware of 4 additional studies that used HRCT scanning with longitudinal PFT data to evaluate lung function in asbestos-exposed populations. [9] [10] [11] 33 In 2 of these studies (n = 117 and n = 502, respectively), the only pleural finding reported was "pleural fibrosis;" PP were not specifically reported or included in the analyses. 11, 33 However, both studies commented on the deleterious effects of smoking on lung function. 11, 33 The other 2 studies (n = 103 and n = 196, respectively) investigated shipbuilding or repairing workers in Italy. 9, 10 In the first study, smoking and previous asbestos exposure contributed to a statistically significant loss of lung function, but PP alone were not related to a decline in lung function. 9 The second study also concluded that PP alone did not affect lung function decline. 10 To further explore if varying levels of PP severity independently contributed to reductions or accelerated losses in lung function, we subdivided the PPO miners into 3 severity groups (minimal, moderate and extensive). Plaque severity did not independently affect lung function (Table 4) . However, smoking PPO miners with extensive or moderate PP did have significantly accelerated annual decline in DLCO and FEV 1 percent predicted when compared to nonsmoking PPO miners with mild PP. Our results indicate that the interaction between the severity of plaques and smoking contributed to accelerated loss. That is, smoking acted as an effect modifier for the observed accelerated annual decline in PPO miners with severe and moderate plaque formation. This finding has also been observed by other investigators. 29, 30 There was much inherent strength in our study. First, there was a long follow-up period of 24 years, and multiple PFT studies were performed for each miner. On average, miners were followed for nearly 7 years after their first PFT. Additionally, LMM (random coefficients analysis) enabled us to determine rates of lung function decline between miner HRCT groups. 26 We also considered independent factors that are known to affect lung function such as BMI, smoking history and disease comorbidities. [34] [35] [36] [37] [38] [39] Next, we investigated the effects of plaque severity on lung function among PPO miners with a long average latency period between first occupational asbestos exposure and first PFT (mean = 37 years). All miners were exposed at the same location, to the same type of asbestos (i.e., LAA), and our asbestosexposed reference group came from the same internal occupational cohort. Our greatest limitation was the small sample size of our NCTS reference group. Our study population came from the health records of 291 Libby vermiculate miners with confirmed occupational LAA exposure. Before applying to the LMP, the HRCTs on-record were ordered by local primary care providers and interpreted at community-based hospitals (n = 179). During the application process, Libby miner radiographic records were reviewed by board-certified academic thoracic radiologists for confirmation of asbestos-related changes. Once asbestos-related findings were identified, miners were enrolled into the LMP for further health surveillance until September 2012. If no asbestos-related findings could be established, miners were ineligible for LMP enrollment. Furthermore, 5 of 9 NCTS miners applied but were not enrolled into the LMP. The other 4 miners were enrolled "early on" into the LMP though no asbestos-related HRCT changes were observed by peer review. This illustrates that selection bias was present, however, toward the follow-up of miners with confirmed asbestos-related findings. This overall effect resulted in a reduced number of miners within the reference NCTS group. Nonetheless, we believed that a control group of nonminers would have less exposure or no exposure to LAA, which in turn, may affect longitudinal rates of lung function decline. We felt our control group should come from the miner cohort with similar LAA exposure to accurately evaluate the effect of PP on lung function. When we artificially increased the NCTS cohort size (n = 200) and we compared those regression analyses to the original analyses, no differences in outcomes were observed. Also, the Akaike Information Criteria values in the original models revealed a significantly better fit than did the alternative models with a greater NCTS group sample size (data not shown).
We also incorporated a number of techniques that enhanced the ability to identify statistically significant changes in lung function decline over time. First, the inherent characteristics of mixed effects analyses provide more power given the same sample size compared to GLM. 26 Additionally, we relaxed the alpha level for interaction terms (α r 0.10) instead of using the conventional α r 0.05. This enhanced our ability to identify potentially significant miner group differences and reduced the potential for type II error. We adjusted for multiple predictors within each model but did not adjust for multiple testing across the various models. We were also able to identify significantly higher rates of FEV 1 and DLCO annual decline in the OCTA miners. In view of the fact that the PPO miner group had a much larger sample size and narrower confidence intervals than all other miner groups, we believed the potential for type 2 error to be minimized during the comparative analyses between the PPO and the NCTS miner groups.
CONCLUSIONS
Our analysis suggested that PP alone had no statistically significant effect on longitudinal lung function in Libby vermiculite miners. However, smoking, BMI and latent period from first occupational asbestos exposure did independently contribute to lung function decline in Libby miners with only PP.
